Introduction-Circulating tumor cells (CTCs) in microcirculation undergo significant deformation and frictional interactions within microcapillaries. To understand the physical parameters governing their flow-induced transport, we studied the pressure-driven flow of cancer cells in a microfluidic model of a capillary network. Methods-Our microfluidic device contains an array of parallel constrictions separated by regions where cells can repetitively deform and relax. To characterize the transport behavior, we measured the entry time, transit time, and shape deformation of tumor cells as they squeeze through the network. Results-We found that entry and transit times of cells are much lower after repetitive deformation as their elongated shape enables easy transport in subsequent constrictions. Furthermore, upon repetitive deformation, the cells were able to relieve only 25% of their 40% imposed compressional strain, suggesting that tumor cells might have undergone plastic deformation or fatigue. To investigate the influence of surface friction, we characterized the transport behavior in the absence and presence of bovine serum albumin (BSA) coating on the constriction walls. We observed that BSA coating reduces the entry and transit time significantly. Finally, using two breast tumor cell lines, we investigated the effect of metastatic potential on transport properties. We found that the cell lines could be distinguished only upon surface treatment with BSA, thus surface-induced friction is an indicator of metastatic potential. Conclusions-Our results suggest that pre-deformation can enhance the transport of CTCs in microcirculation and that frictional interactions with capillary walls can play an important role in influencing the transport of metastatic CTCs.
INTRODUCTION
Circulating tumor cells (CTCs) play an important role in cancer metastasis. 4, 11, 26, 31, 36 Cells from the primary tumor detach, intravasate into blood vessels, and are transported by blood flow to distant sites. These CTCs can pass through, become physically trapped in microcapillaries or adhere to the endothelium lining the blood vessels. These arrested CTCs can extravasate, enter neighboring tissues and produce secondary tumors. Thus, flow-induced transport of CTCs to distant organs is an essential event in the multistep process of cancer metastasis. 33, 51 Two important physical properties regulate flowinduced CTC transport-tumor cell deformability 3, 14, 24, 35, 54 and friction with capillary walls. 3, 13, 24, 38 When the size of tumor cells is larger than the microcapillary diameter, they deform and squeeze through the capillaries due to a combination of fluid stresses and cell deformability. Depending on the cell confinement and deformability, significant normal stresses can be exerted on the capillary walls, resisting their motion. In addition to normal stresses, tangential stresses due to friction between the cell and capillary walls can also impede their motion. Here, the friction force may arise from several factors including viscous dissipation in the lubricating layers between the capillary wall and cell membrane, wall roughness, and intermolecular interactions due to receptor-ligand binding interactions. 1, 3, 13 Studying the influence of cell deformability and friction on CTC transport is difficult with in vivo models, due to the inability to precisely control fluid stresses, capillary diameter, and network architecture. Recently, microfluidic devices have emerged as powerful tools addressing the limitations of in vivo models and mimicking in vitro the different processes involved in cancer metastasis. 8, 22, 32, 37, 47, 55 In fact, several stud-ies have used constricted microchannels to mimic the flow-induced deformation and squeezing of cancer cells through tight spaces. 1, 3, 21, 24, 25, 29, 53 The majority of studies on flow-induced deformation of tumor cells have been conducted in the simplest microfluidic configuration possible-a single constricted microchannel whose hydraulic diameter is smaller than the tumor cell. 3, 21, 24, 25 In this case, individual tumor cells sequentially flow through the constriction, deform at the entrance of the constriction, and the deformed cell passes through the microchannel. The time taken for a cell to cross the entrance of the constriction-the entry time; and the time taken to traverse the length of the microchannel-the transit time (sometimes also referred to as passage time 24 ) have been used as metrics of deformability. 3, 21, 34 A recent study by Byun et al. 3 showed that the entry time can be more sensitive to the deformability of a tumor cell, while transit time can be dominated by friction. In addition, these parameters were shown to correlate with differences in metastatic potential of tumor cells.
Investigations in the simple constricted microchannel geometry provide essential information on tumor cell transport although they do not capture other flow and geometrical features that are inevitably present when CTCs flow through the complex networks in vivo such as bifurcations in organ capillaries and trifurcations in vasculatures from angiogenesis. 5, 9, 30 For example, as shown in Fig. 1a , the pressure force on a cell due to fluid flow is stronger in a single constriction than in a network of capillaries, since flow can bypass around the cell-potentially leading to differences in entry times. In addition, while a tumor cell experiences deformation only once in a single constriction, in a capillary network repeated deformation of the same cell can occur (Fig. 1b) .
It is thus evident that the dynamics of flow-induced tumor cell transport in microcapillary networks is rather different from that in a single constricted capillary. Currently, it is unknown how entry and transit times vary when tumor cells are transported through capillary networks, and how repeated deformation alters these parameters that are indicative of tumor cell deformability and friction. Moreover, if tumor cells are pre-deformed in one capillary, is it easier for them to pass through other capillaries? And are metastatic cells more easily transported after pre-deformation than non-metastatic cells? Such questions are beginning to be addressed using microfluidic devices. 29, 39 It is important to address these questions comprehensively to understand what physical factors ultimately regulate CTC transport and cancer metastasis.
In this study, we designed a microfluidic capillary network, which has parallel arrays of constriction channels that allow trafficking and repeated deformation of cancer cells. In vivo, during metastasis cancer cells are transported through both systemic and pulmonary microcirculation. The systemic circulation consists of tubule-like capillaries. The complex pulmonary circulation was conceptualized using a sheetand-post model (i.e., analogous to a parking garage with intervening posts) by Sobin et al. 44 However, Guntheroth et al. 16 showed that the pulmonary circulation does not conform to the sheet-and-post model, but is tubule-like. The constricted channels used in our device are tubule-like and therefore mimic an important feature of the microcirculation in vivo.
Here, we use the microcapillary network device and characterize the transport behavior in terms of cell entry time, transit time, and shape deformation. To investigate the influence of friction, we compared the transport behavior in the presence and absence of bovine serum albumin (BSA) coating of the constriction channel walls. Finally, we sought to distinguish breast cancer cell lines with different metastatic potential based on their frictional behavior and assessed the effect of metastatic potential on the transport of pre-deformed cancer cells.
MATERIALS AND METHODS

Microfluidic Device Design and Fabrication
The microfluidic capillary network devices were made using soft lithography. 52 The layout of the microfluidic capillary network was designed to induce repeated deformation of tumor cells as well as visualize the entire process within the field of view of the camera. In vivo, microcapillaries have a diameter of 4-9 lm and a length of 600 lm.
The capillary network consists of a total of 108 constriction channels laid out in the form of 27 rows and 4 columns (C1, C2, C3 and C4), as shown in Fig. 1c . Each constriction channel has a length (L) of 91.8 ± 4.3 lm, a width (W) of 11.8 ± 0.7 lm. All the features in the device have a uniform depth (H) of 15 ± 0.4 lm. This design allows the tumor cells to be deformed in the constrictions, and relax in the space between the columns. The length of these relaxation chambers (see Fig. 1c ) is 82 ± 0.7 lm, which corresponds to approximately six cell diameters, considering the mean diameter of tumor cells used in the study is %18 lm. We note that in these relaxation chambers the tumor cells are free to relax in the horizontal plane of the chamber, and not in the depth-wise direction since the chamber depth is smaller than the mean cell diameter.
To investigate the effect of surface-dependent friction, a solution of 4 wt% BSA (Sigma Aldrich, MO, USA) in phosphate buffered saline (PBS) (Thermo Fisher Scientific, MA, USA) was pipetted into the device and incubated for 1 h, followed by a PBS rinse. In parallel, untreated devices were filled with PBS and stored at room temperature for 1 h before experiments were performed.
The microfluidic capillary network design shown in Fig. 1c does not fully mimic the geometric features of capillaries in vivo, but captures essential features. Our constriction widths are %29 larger, while lengths are %69 shorter than most systemic microcirculation capillaries. 23, 42 If we had chosen a channel width of 4 lm, the compressive strain on the cells would have been 350% instead of the 40% imposed in our study. Such large strains would have required much longer relaxation chambers-making it difficult to study the influence of repeated deformation-which is a main goal of this study. In addition, using longer and narrower channels would reduce device throughput. Thus, our microfluidic device design is a minimal model of systemic microcirculation. We further note that the BSA channel wall coating does not mimic in vivo conditions, however, BSA is frequently used in microfluidic devices to prevent non-specific cell adhesion 1, 21, 24 and thus investigating its influence on tumor cell-channel wall interactions is worthwhile.
Cell Culture
The breast cancer cells lines-MDA-MB-231 and MCF-7-were grown in the DMEM media supplemented by 10% FBS, 1% penicillin-streptomycin and 1 nM sodium pyruvate (MDA-MB-231 were purchased from ATCC, Manassas, VA and MCF-7 cells were provided by Dr. Lauren Gollahon's Lab at Texas Tech University). To harvest the cells, 5 mL trypsin/ EDTA solution were added to the cells after removing the media, incubated for 2-3 min and neutralized by 500-550 lL FBS. During the experiment, we added Trypan blue to the cell media, to identify only viable cells with a volumetric ratio of 2:1. In this mixture, final concentration of cells was 1-3 9 10 5 cells/mL, which was used to conduct the microfluidic experiments. All materials for cell culture were purchased from Thermo Fisher Scientific, MA.
Experimental Set-Up and Data Analysis
To inject the cells into the microfluidic device we used a constant pressure source (MFC8-FLEX4C, Fluigent, Inc.) and imposed a fixed pressure drop of 4 kPa, in the same range as the capillary blood pressure (1.3-4.6 kPa), 50 across the whole device. The pressure gradient provides a shear stress of 2.2-3.7 Pa, depending on the number of channels blocked by cells, which is also in the same range of shear stress as in the blood capillaries (0.1-3 Pa). 33, 46, 48, 49 We visualized the flow of tumor cells into the device with an inverted microscope (IX70, Olympus, Inc.) using 209 magnification and in bright field mode. Images were recorded with a high-speed camera (Phantom V310, Vision Research, Inc., NJ, USA) at a frame rate of 1000 fps. The spatial resolution in the images was 0.915 lm/pixel. All the images were analyzed manually using ImageJ (1.47v) to obtain cell size, entry time, transit time, and deformation index. Kolmogorov-Smirnov test was used for statistical analysis of the data.
Metrics Used to Quantify Cancer Cell Transport and Shape Deformation
To characterize tumor cell transport in the capillary network, we measure the cells' entry and transit times. The entry time represents the time that a cell takes to fully enter the constriction channel upon its first encounter ( Fig. 2a ) and the transit time is the time needed for a cell to reach the channel exit from the moment it fully enters (Fig. 2b) .
As a cell passes through the microcapillary network, it experiences repeated compressional deformation and relaxation. To quantify the compression and relaxation behavior of the tumor cells, we define a deformation index (DI). 45 As illustrated in Fig. 2c , DI is defined as D x /D o , where D x is the major axis of the cell at any x location (see Fig. 1c ) in the device and D o is the major axis of the initial cell shape prior to any deformation in the constriction channels. Given that we can measure the major axis of the cell to within one pixel error, the measurement error in DI is 5% based on the mean cell size.
RESULTS
Dynamics of Cancer Cells in the Microfluidic Capillary Network
In our experiments we injected a population of tumor cells into the microfluidic capillary network at a fixed pressure drop. Although the dynamics of the collection of tumor cells in the network was complex, we made the following qualitative observations of their transport behavior. (i) due to the parallel arrangement of constrictions, we observed that as one tumor cell was trying to squeeze through the constriction, other tumor cells entered into the neighboring constrictions and tended to squeeze through because of the sustained pressure drop across the device. This behavior was shown in Fig. 1c. (ii) The cells undergoing compression in the constrictions tended to relax in the space between the columns C1 and C4, which we call relaxation chambers. (iii) The deformed cells exiting a constriction sometimes deviated from their original trajectory as they passed through subsequent constrictions (see trajectory lines in Fig. 1c ). This drift could be due to the presence of lateral flow when some of the constrictions were occluded by cells and possibly due to the rotational motion of the deformed cells. (iv) Usually we observed the deformed cells to enter into the constriction with their major axis aligned, however, rarely (2-3 cells out of 50) were observed to arrive on the broadside. These cells that end up on the broadside have 22-37% higher entry time than the population, but do not affect the mean transport metrics of the population. (v) Cell-to-cell contact during squeezing through constrictions (see Fig. 3a ) was infrequently observed due to the low cell concentrations used in the study.
To quantify the transport behavior of tumor cells, we measured the entry and transit time for a collection of MCF-7 cells passing through the first parallel array of constrictions. We found that the transport metrics depend on cell size; the larger cells took more time to enter and transit the channels. Due to the large variability in entry and transit times of isolated tumor cells, we found that entry and transit times of cells undergoing cell-to-cell contact were not drastically affected (Figs. 3b and 3c) .
Next, to understand the response of an individual tumor cell when exposed to repeated compressional strain and relaxation in the microcapillary network, we followed the same tumor cell as it passed through each of the columns present in the network. A representative trajectory is shown in Fig. 4a . We found that the C1 and C2 entry and transit times were similar but the C3 and C4 entry and transit times were much shorter. This trend could be discerned from the four times higher slope (%4 9 10 À4 s/lm) in the trajectory when it crossed the first two arrays compared to the last two arrays, indicating its trafficking was slower in the first two columns. In addition, the slope of the trajectory in the last two constriction arrays (%1 9 10 À4 s/lm) was almost the same as the slope of the trajectory in the relaxation chambers (Fig. 4a) , suggesting that the velocity of the cancer cells was similar in C3 and C4 to the velocity of the cells in the intervening relaxation chambers.
To explain the observations found from the trajectory analysis, we plot the DI for the same cell vs. its location inside the device (Fig. 4b) . Before entering the constrictions, the cell remained intact and was barely deformed with a DI % 1. Entering the constriction channels the cell accumulates a strain of 40%, since DI % 1.4. When the cell exited the first constriction array, and entered in the relaxation chamber, it relaxed to almost its initial shape. However, when the cell experienced the same 40% strain repeatedly in each of the subsequent constrictions, its relaxation declined starting from the second relaxation chamber, i.e., the cell lost its ability to recover its original shape in subsequent deformation events. This ability of the tumor cell to remain deformed while it passed through the constrictions in the last two columns was responsible for its fast passage through the later constriction arrays.
We confirmed the above key findings by analyzing four more tumor cells of similar size (19.5 ± 0.2 lm) and averaging the DI of all five cells in each relaxation chamber, as shown in Fig. 4c . We found that tumor cells almost regained their original shape in the first relaxation chamber with DI % 1.05 ± 0.06. However, in subsequent relaxation chambers, the deformed cells did not fully recover their original shape as reflected in the higher DI of %1.15 ± 0.04. These elongated cells transited through constrictions more easily, evident from the reduced entry and transit times measured in the latter constriction arrays (see Fig. 4d ).
The results from the repetitive deformation of cells in the microfluidic network provide important insights into the rheology of breast tumor cells. For a purely elastic material, the strain would instantaneously recover after cessation of stress. After the first constriction array, it took a finite time (%12 ms) for the cells to fully relieve their compressional strain. This suggests that these cells, as expected, are viscoelastic materials. Interestingly, after the third deformation, the cells were able to relieve only 25% of their 40% compressional strain during the %9 ms of experimental observation time. This suggests that due to repeated compressional strain, the cytoskeleton had undergone plastic deformation, so that the deformation was irreversible and the original cell shape cannot be recovered fully during passage between the arrays. It is possible that the cytoskeleton had undergone fatigue where each deformation episode induced microscopic faults, preventing full shape recovery. We note that cell fatigue has been recently reported for red blood cells after 500-900 repetitive deformation events. 41 For tumor cells, we anticipate that fewer repetitive deformation events may be needed to induce fatigue, as they are less extensible.
Characterizing Surface-Dependent Friction of Cancer Cells
When cancer cells passed through constricted channels, they were inevitably in contact with the channel walls. As a result, depending on the surface properties of the channels, there could be significant frictional forces resisting cell motion. As shown in Fig. 5a , this surface-dependent friction of tumor cells could be due to wall roughness and the properties of the material coating. To investigate the effect of surface-dependent friction, we coated the channel walls with BSA-a biocompatible protein with a net negative charge. 7, 10 It had been reported to increase the mean roughness of PDMS surface by~4 nm. 43 In addition to changes in wall roughness due to BSA treatment, its negative charge could also impact the electrostatic interactions with cell membrane since it was effective at preventing non-specific adhesive interactions between cells and microfluidic substrates. 21, 25, 29 Since cell size influenced the transport metrics (c.f., Fig. 3 ), we collected data from the same range of cell diameters (16-21 lm) with and without BSA treatment (Fig. 5b) . We observed that coating the channels with BSA caused a significant decrease of both entry and transit times of MCF-7 cells through the first (C1) set of constriction arrays. Thus, BSA coating reduced the surface friction and enabled MCF-7 cells to squeeze faster through the constriction arrays.
We also analyzed the effect of BSA on cell squeezing through the remaining constriction arrays: C2-C4 (Figs. 5c and 5d) . Except for C2, we found that both entry and transit times are reduced in the presence of BSA coating in all the arrays. This might be because of the gradual reduction of entry time in BSA coated constriction arrays, whereas in uncoated channels the reduction is steep and abrupt from the first deformation. In other words, since the cells in the first channel of BSA coated devices passed faster and experienced strain for a shorter time, they tended to relax back more and passed in a slightly lower time in second deformation (this is also observed for the five cells shown in Fig. 4d ).
Distinguishing Tumor Cell Lines of Different Metastatic Potential Based on Their Frictional Behavior
Metastasis involves the transport of cancer cells from the primary tumor to distant organs. The cells that succeed in this journey are expected to possess distinct biophysical properties. 51 For example, studies suggest that the deformability of highly metastatic cells is different from weakly metastatic or normal cells. 3, 15 Changes in cell deformability can arise due to variations in their mechanical properties including elastic modulus, viscosity, or membrane tension. 24 As shown in Fig. 6a , a less deformable (stiffer) cell can exert greater normal forces on the walls when passing through a constricted capillary than a more deformable (softer) cell, increasing the frictional resistance to motion. This deformability-dependent friction is distinct from surface-dependent friction; however, experimentally it is difficult to decouple the two contributions from metrics such as entry and transit times. Here, we compared the overall frictional behavior of highly metastatic MDA-MB-231 with that of weakly metastatic MCF-7 breast tumor cells 12, 15 in the microfluidic capillary network with the aim of distinguishing them based on entry and transit times.
Tracking only cells passing through C1, Fig. 6b shows that entry and transit times of MDA-MB-231 cells were statistically similar to MCF-7 cells, for the same sampled size distribution, in the PDMS device without BSA coating (Fig. 6c) . However, in devices with BSA coating, we found that the entry and transit time of MDA-MB-231 cells were higher than MCF-7 cells by~57 and~39%, respectively. The reason that the two cell lines did not show any difference in transport properties in the absence of BSA coating could be that the PDMS surfaces are highly hydrophilic 2, 20 (due to air plasma treatment during device manufacturing 52 ). These hydrophilic surfaces may make cells adhere to channel walls, since the cell membrane lipid layer also contains hydrophilic heads. 19, 28 As a result, the differences in cell surface properties might not be elicited due to the adhesive character of hydrophilic PDMS walls. However, when the channels were coated with BSA, a negatively charged protein, highly metastatic cells responded less to BSA treatment to pass through constricted capillaries. It has been reported that MCF-7 cells have a higher surface charge density (À0.02 C/m 2 ) than MDA-MB-231 cells (À0.015 C/m 2 ) at the pH (=7.1) of culture media. 10 Thus, it is possible that the negatively charged BSA repelled MDA-MB-231 less than MCF-7 due to its weaker negative charge. In other words, differences in the cell frictional properties due to surface charge may be more important in dictating the cell response to BSA.
We also considered if any differences existed in the two cell types based on how their shape relaxed with time after exiting the first constriction array. The premise here is that more deformable cells when compressed would relax to a greater extent than less deformable cells. We analyzed five cells each of MDA-MB-231 and MCF-7, with almost the same size, and plot in Figs. 6d and 6e, the mean DI vs. their location in the first relaxation chamber. Both in the absence and presence of BSA, the data overlapped in the initial 20 lm, when the cells were departing the channel; and in the relaxation chamber (0-80 lm). A small difference appeared to exist between the relaxation behavior of MDA-MB-231 and MCF-7 in BSA-coated devices (c.f., Fig. 6e ), but they were within the margin of error. We also determined the DI values of the cell population, which has different cell sizes and found that DI after the first deformation was unable to distinguish these two metastatic cell lines (see Supplementary  Fig. S1 ). Therefore, under such large compressional strain, we did not detect any difference in their shape relaxation behavior. Thus, frictional behavior rather than relaxation behavior was better at differentiating the two cell lines of different metastatic potential.
Effect of Metastatic Potential on the Transport of Pre-Deformed Cancer Cells
So far we discussed the results for the two cell lines based on their transport through the first set of constriction arrays. We now address whether the differences observed in entry/transit times due to deformation in C1 arrays still persist during passage through C2-C4 constriction arrays. Figure 7 shows the entry/transit time results for the two cell lines, in the absence and presence of BSA. We observed that in the absence of BSA treatment, similar to C1 arrays, the entry and transit times did not vary significantly between the two cell lines, after passing through constriction arrays C2-C4. However, the entry and transit times for the cell lines vary when treated with BSA. These results suggest highly metastatic cells (MDA-MB-231) can be distinguished from weakly metastatic cells (MCF-7) even after pre-deformation.
Literature studies 12, 15 show that the deformability of MCF-7 cells are different from that of MDA-MB-231. However, under our experimental conditions and the metrics we used, we are unable to distinguish the two cell lines based on deformability-dependent friction since the difference between the cell lines was elicited only with BSA treatment. Thus, the surfacedependent friction was better at distinguishing these highly metastatic from weakly metastatic cancer cells.
In this study, we considered the case where the constrictions were of the same diameter in C1-C4 arrays. However, if the pre-deformed cells were to enter an even narrower constriction (and therefore experience larger strain), it is possible that the two cell types can again be differentiated based on deformability-induced friction. In fact, in microcirculatory networks, microcapillaries of diameters ranging from 4 to 9 lm 18 are known to exist, suggesting that the deformability dependent frictional differences between highly and weakly metastatic cells might persist even after predeformation.
DISCUSSION
In this study, we used a microfluidic capillary network and investigated the transport properties of tumor cells with an emphasis on their frictional behavior. We examined the role of repeated deformation and metastatic potential on the transport behavior. In this section, we contrast the results from our work with investigations in a single constricted channel, and also the few studies that explored the effect of repeated cellular deformation.
Entry and Transit Time as Measures of Cell Deformability and Friction
Using a single constriction channel (see Table 1 ), Byun et al. 3 claimed that entry and transit time as dominant measures of cell deformability and friction, respectively. This result was arrived by inhibiting actin polymerization (using Latrunculin B) on mouse lymphoblastic leukemia cells (H1975). They observed that depolymerization of actin networks led to a significant change (~70%) in entry time whereas the transit time was affected less (~30%). They observed similar results by treating mouse embryonic fibroblasts with a microtubule inhibitor drug, Nocodazole. In addition, they treated the constriction with poly-L-lysine that imparted positive charge to the channel walls, and found a stronger effect on transit time of H1975 cells than entry time (~80 vs.~40%, respectively). These systematic experiments allowed them to conclude that entry time reflected strongly the influence of cell deformability while transit time reflected the effect of cell surface friction. Lange et al.'s investigation 27 also showed that entry time is sensitive to cytoskeletal interventions.
In our study, we found that for MCF-7 entry and transit times were reduced by 69 and 62%, respectively upon BSA treatment. Likewise, for MDA-MB-231 cells, entry and transit times were reduced by 46 and 43%, respectively in the presence of BSA coating. Thus, unlike Byun et al., 3 our choice of surface coating led to appreciable changes in both entry and transit time. This can be due to differences in the cell lines and surface coatings used. It is also possible that the large compression strain of up to 195% imposed by Byun et al., 3 compared to 40% (maximum) strain in our study, might have caused cell deformability and friction to dominate entry time and transit time, respec- tively-since the cell has to deform more to enter a narrower constriction, and the higher compression increases the cell membrane contact with channel walls. In addition to the work of Byun et al., and this study, there are several other works 1, 6, 13, 17, 21, 24, 27, 29, 39 that investigated cell passage through a single constriction channel. However, as shown in Table 1 , none of them reported how transport metrics change with and without channel surface treatment, 1, 3, 13, 21, 25, 27 nor did they use any wall coating. 6, 17, 29, 39 Role of Repeated Deformation Unlike the single-constriction studies, only a few studies investigated the influence of repeated deformation using multi-constriction devices (see Table 1 ). In our study, we found that cancer cells can readily pass through constrictions after pre-deformation due to their inability to recover their shape fully after the compression strain was induced on them in the constrictions. A similar finding was made by Mak and Erickson, 29 where they fabricated five constrictions connected in series and imposed a much larger compressional strain of up to 160% on MDA-MB-231 cells. However, this study did not compare cell lines of different metastatic potential. A more recent study by Ren et al., 39 did compare metastatic (MDA-MB-231) with normal breast cells (MCF-10A) in a similar multiconstriction device without surface treatment and showed that the ratio of entry velocities of deformed cells were able to better differentiate the two cell types. In our case, we found that only with surface treatment, we were able to elicit the differences in the transport properties of the highly metastatic MDA-MB-231 and weakly metastatic MCF-7 breast tumor cells. A possible explanation for this is that the compressional strain of up to 136% imposed by Ren et al., 39 that was much larger than ours.
A key finding of this work is that we could only distinguish MCF-7 and MDA-MB-231 cells with BSA treatment, and the underlying mechanism remains elusive. It is apparent that friction is important, which may arise due to interactions between the cell membrane, lubricating fluid layer, and channel wall. However, the manner in which these interactions are manifested in these two cell lines is not fully clear. In general, when the lubricating layer thickness d is <O(10) nm, friction is dominated by surface and intermolecular interactions. However, when d is >100 nm, friction due to the hydrodynamic shear force in the lubricating layer dominates. 24, 40 Preira et al.
38
measured d % 70 nm for cell velocities of 0.1-1 mm/s, which are comparable to our conditions, suggesting that BSA might be altering the surface (e.g., roughness) and intermolecular (e.g., electrostatic) forces in a way that differences between the two cell lines are elicited.
CONCLUSIONS
During the transport in the microcirculation, CTCs experience friction with the capillary walls and multiple deformation events in capillaries. Inspired by this, we fabricated a microfluidic capillary network containing arrays of constrictions separated by relaxation chambers where tumor cells repeatedly undergo compression and relaxation, as well as frictional contact with the constriction walls. Using this microfluidic model, our investigation reveals important insights into the transport behavior of CTCs in microcirculation as summarized below.
(i) We found that tumor cells pass through the initial arrays of constriction channels with low velocity, but in the later arrays their velocity is higher due to the deformation-induced elongated shape. Thus, pre-deformation can enhance the transport of CTCs in the microcirculation. (ii) Upon repeated deformation we find that the tumor cells are unable to recover their original shape fully, suggesting that plastic deformation or cell fatigue can occur under microcirculatory conditions. (iii) We found that the two cell lines tested cannot be distinguished based on relaxation behavior. Instead, cell surface-induced friction was correlated with their metastatic potential. Thus, frictional interactions with capillary walls can play an important role in influencing the transport of metastatic CTCs in microvasculature.
The approach we presented here can be further extended to study the influence of cytoskeletal drugs and membrane inhibitors to understand the molecular determinants of cell-surface friction and identify structural elements in the cell that are most sensitive to repetitive deformation.
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